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By Sol Baker and Eugene Perchmok 

h investigation was oonducted t o  evaluate the  effectiveness 
of a slmple internal  regenerative fuel weheater for a 20-inch- 
diameter ram jet. Data obtained a t  8Ub8OniC sea-level oonditione 
indicated that the fuel could be aucceesfully preheated i n  t h i ~  
manner. The dietame the weheater was located downstream of 
the flame holder ma the primarg variable affecting the final 
fue l  temperature. Although approxlmtely 5 minutes wa8 required 
t o  a t ta in  a stable  fuel temperature, the rate of fuel-temgerature 
rise was mRnr-lmrrm kaeaiateu aTter Ignition and uaef'ul preheat 
temperatures (>ZOOo F) were approached within 2 minutes after 
ignition. The additional pressure loss cawed by the introduction 
of the  preheater in the combuetion chamber mery be considered 
negligible. 

Results & experiments reported in  reference8 1 and 2 indioate 
that appreciable i m m e n t  in =-Jet perfommce and cunbuetion 
ewiciency can be realized by preheating the fuel. This  improvement 
is the resu l t  of a decreaee i n  the time required f o r  the fuel- 
vaporization process weceding buhing. For the investigation 
described in reference I, the fuel  wae either  regeneratively heated 
by being circulated through a copper co i l  woand around the 
combuetion-ahamber shell or wa8 heated by circulation through a 
steam-heated heat exchanger mounted in  the t e a t  cell. The w e  aP 
the ate& heat exchanger is merely an experimental  technique. 
Although the external. regenerative-heating system is useful in 
cooling the ccmbustion-chauber ehell, it requfres sll inCreeuse i n  
engine fmntal   area and, if applied t o  a flight engine, ia 
aocrnrpanied by 871 increase in engine aerodynamic drag. The 
additional hazard of' fueL leaks 00 contributes to the undestra- 
b i l i t y  of a fuel-preheating system in which the fue l  is circulated 
through a'passage around the combuetion-ahamber shell. 
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A series aF experiment8 vae therefore undertaken t o  evalute 
a simple light-velght irrtexnal regenerative fuel-preheating 
system that does not require a change in ram-jet external 
dimernion8 end ia applicable t o  aimraft. The study wa8 made at 
the NACA M e  laboratory with a 20-inch-diameter ram Jet 
operating at simulated eubeonic Seeb-leV91 flight conditions. 
The perfomname of the engine a d  the internal p h e a t e r  W&B 
inveetigated fo r  aeveral posltions.of tfie preheater In the 
combustion chamber. At each poaition, the variation of fue l  
taperature with time WBB determined frcm ignition until stable 
fuel  

flow 
A aohematlc-dfagram of the  circular, 20-inch-dlameter, steady- 
ram jet used in thie  lnveetlgation I s  e h m  In figure 1. A l l  

pertinent dimen8iom axe even on the figure. Both the canbustion 
ohamber and the erhaust nozzle -re water-cooled. 

Because A.S .!P.M. distillation curve8 may vary for different batohee 
of the erne fuel, the distillation curve for   the fuel upred (AN-F-28) 
i a  e h m  In f l$ure 2. Mter parssing through the. pa?eheater, the fuel 
was injected in the  liquid phaae fn an upatream direotlon near the 
di f fuser  Inlet. The fuel inJeotor consisted c& siz equally spaced 
1/4-1nch steel tube8 in an 80°-V pattern with the base of the 
V 5 inohes dametream of the diffueer inlet. A t o t a l  a€' 68 No. 70 
holes were drilled on the upatream side a€' the fuel bars . These 
orifices were equally epaced along the six bars; however, no holea 
w e r e  drflled wlthln 2 Inches af t he  diFfuser w a l l .  

The flame holder (fig. 3) wa8 8 modification of the annular-v 
type-B burner dmcrlbed ia refereme 3. This flame holder  consisted 
of two concentric, 30'-V, 3-inch-chord, perforated annuli of' 16-Inch 
and 9-lnch dlaanetera conneoted by eight radial guttern. A 30° 
perforated  oenter cone was supported by two radial gutters extending 
to the inner annulw . As originally designed, fuel m a  injected in 
the V of the flame holder; however, for this Investigation, the fuel 
nozzles were removed. A epaxk plug was used t o  ignite the burner. 

The regenerative fuel preheater, made aP coiled 3/4-1noh 
Incanel tubing, w m  located i n  the ombustion chamber Immediately 
downstream of the f Lams holder. The &sign of this preheater w a ~  
based on prelimina;ry experiments that  indicated t&e length and the 
size of fuel-preheating path required for ueeful preheat tempar- 
sturee. The preheater weighed 9 ernd coneietd of three 
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convolutione of 16-inch diamster and & convolutione cf 9-Wh 

diameter (fig.  4(a)) with adjacent  turne spaced 1- 1 inches. apart. 

Provision waa made f o r  varying the dletance between the flame holder 
and the peheater  (fig. 1) fran 0 t o  12 irmhes. In all positions, 
the  preheater  coils were Imated  in the wake aP the flame holder 
(fig. 4(b) ) . All the fuel paesed throu@ the  preheater befom 
injection. The inlet and outlet linea t o  the  preheater extended 
upstream of the flame holder,  then through the wall of the diffueer 
t o  the  outside a9 the shell. 

2 

2 

The diffuser  inlet w a s  connected t o  the outlet of a 
500-horsepawer, variable-speed, axial-flaw blower havlng u rated 
delivery aP 60,000 cubic fee t  per miaute againat a static-preaeure 
rise af 45 inches of water. The ram Jet exhausted d5rectly t o  the 
atmoephere . 

The total anb s t a t i c  pressure8 sad the  i-icated  temperature 
measured at the diffueer fnlet were used to canpute the air flow 
through the ram j e t .  Frcm these msasurmente and the e ta t i0  
pressure at the cambuetion-chaanber inlet, the ocmbuetion-dumber- 
Inlet  velocity was determined. The gas temperature wae ocmpted 
from t o t a l  and s t a t i c  pmssures measured at the nozzle outlet with 
a water-cooled survey rake. The heat  rejected to the shell cooling 
water amounted t o  apprarimately 3 percent of the lumr heating 
value of the fuel spd was not imluBed in the evaluation aF the 
ccmbuetion erfficiency. A rotameter was wed t o  meaeure the fuel 
flow. The fuel temperatures were measured at the preheater 
inlet and outlet. The methods enplayed i n  making the oalculstiolas 
are outlined in reference 3. 

Fuel tanperature at the preheater outlet was rwmrded at 
0.2-minute intervale fran the time of ignition until the fuel 
temperature reached a etable maximum value. The fuel flow and the 
air flow were maintained apprrarimately constant during thie errttre 
period. 

The effeotivenees at the colla BB 8 weheater wa8 investigated 
at  0, 4, 8, and 12 inohe8 downstream of the flame-holder trailing 
edge. A t  each preheater  position  the ram Jet w88 operated  omr a 
range of fuel-& ratios and at canbustion-dmnber-hlet vetlwities 
frcun 62 t o  95 feet per seooad. 
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The data presented herein a m  oharetoteriatic of the instal- 
lation and ehaulil be ooneldered o w  as an inlllcatian of the 
potentialities of this type of fuel-preheating eyetan. Becauee 
a fuel injector with f k e d  arificea was we8, the Fuel flaw WBB 
changed by varying the fuel preeeure, Tkus the minimum fuel flow 
at which the rm Jet could be operated m a  detelmined by the 
minimum fuel  pressure required t o  keep the preheated fue l  f r m  
vaporizhg in the fuel lines. Additional restriction to the 
r q  over xhioh data oould be obtainea wae imposed by the 
f lame-holder burning aharacterlstlcs . 

The range Crp fuel-air ratios over whioh the engins could be 
* operated at eaah pheater  poeition is shown in figure 5. In 

figure 5 and several euoceeding f iguree, data axe presented In 
range form rather than aa actual data Mints because It was 
imposlsfble fran t he  data available t o  separate the ef'f'eots d 
ccmbuation-ohePnber-inlet velmity and fuel-& ratio on the final 
fuel temperature. The rich fuel-air-ratio limit va8 eetabliehd 
by flame-holber blow-out, whereas the lean limit was due t o  either 
f lems-holder blcrsr-out or fuel vapor look. The lean fuel-air-ratio 
lu t  cem probably be lowered if fuel vapor look is eliminated. 
The introduction aP the preheater In the ccenbuetion chamber and the 
preheater position had no peat effect on the operable fuel-air- 
ra t io  range, ihaElmuoh as this range was appmxlmtely the eane as 
wae obtained w i t h  t h e  fuel pwheatea by an external preheater 
(reference 4).  

For aimraf't aP ah& flight duration, the time required for 
the fuel temperature t o  rise t o  a eteady value may be an appreoi- 
able mion & the total flight time. The rate aP fuel-temperature 
irroreaee from the time ae ignition t o  the time at which a stable 
fuel tmperature is finally attained is theref o m  important. The 
variation ae fuel temperature with time after  ignition and preheater 
position I s  preeentea in  figure 6 for sev8rBL typical operating 
conditione. Fuel was stored at a temperature aP apprmimately 
63O F. 

A l l  the data ehom in f lgure 6 can be reduced t o  a 8i-e 
curve (fig. 7 )  by plotting the ratio aE' the tapemture rbe at 
any inatant to  t he  maximum temperature rim, A l l  the dsta obtained 
i n  t h l e  Inveetigatlon, i.rreepecttve of rem-jet operating condition 
or prehester  position, are within &6 percent CQ thia cur~e .  The 
variation indiqatecl by the curve in figure 7 mag be approxlmatecl by 
a fimt-order exponential equation of general form y = 1 -e 
having a t- constant t = l/a & 1.17 m-tea. ~n irdllectton of 

-at 

. 



NACA RM BW20 - 5 

the curve near the origin indicates  the presence of ~ a u e  higher 
order exponential. Other -eater designs mi&t be expected t o  
follow the  same general variation  but with a dffferexxt time 
constant. 

!&e data in  figure 6 indicate that .with given operating con- 
dit ions an appreciable r i e e  in  the final fuel tceaaprat;rlre can be 
achieved by increasing the  distance between the f lanle holder .and 
the  preheater frm 0 to 8 inches. A furkher increase fran 8 to 
12 inches reeulte in l i t t l e  OT no gain in the final fuel temger- 
ature . A eimilar reeult ie fndlcated i n  figure 8, in whiuh the 
time t o  reach a fuel tamgerature 200' F froan an hitid f~el 
temperature of 630 i~ p e e n t e a  as a funotion. d geeheater 
pmition. (Frcan the reeults obtaine?d in  reference 1, 20O0 F 
may be considered a useful ppteheat temperatwe . ) The data of 
figure 8 indicate 8 eharp deoresse in the time required t o  
reach 20O0 F ae the distance between the fleme holder and t h e  
preheater is inureaaed frcnn 0 t o  8 inchee . The man time was 
reduced frcm 2.4 minutes at zero distance to 1.2 minutes at 
8 inches between the flame holder and the preheater. . A further 
increase in this distance frcaa 8 t o  12 inches results in 823 
additional redudion i n  the  time of only 0.1 minute. Thus, for 
all operating conditiana, useful 'preheat tnm.peratures were 
approached wlthin the first 2 minutee of iepitioa and the 
temperature r i s e  attained 99 peraent of its finn'l value within 
5 minutes. Also from the  trends obtained, It is probable that 
l i t t l e  Impmeuuent can be expeuted f ' ran fmther imreaee in the 
diatance betareen the flame holder and the  praheater.  Further 
improvement can  probably be obtained, hmver,  if the fuel- 
preheating path l e  inoreased by add- more coile t o  the pheater,  

The general range aP final fuel tempraturee  obtained at ea& 
preheater  position is indicated in f 1- 9. In addition t o  being 
affected by the preheater poeition, the final fuel temperature I s  
Wluenced by the engine operat- condition. V a r i a t i o n  in ran- 
Jet operating  conditions resulted in a - epread & h15 peroent 

final fuel temperature x&8 a p p l m a t e l y  the eane f OT the preheater 
in either the 8- or =-inch position, The differem in spread af 
the d&ta in f Qum 9 for these pitiom ia due t o  differences in 
ram-Jet operating  conditione for the data presented. 

in t he  fU0l-tapZ'&W flee. A t  the BBmpB engine C O n d i t i O l 3 B ,  the 

The heat absorbed per cb fue1-h presented in figure 10 
~ E I  a function of preheater  poeition, Bgcauee the  heat abaolibed 
is a function of' the final fuel termperatwe, the values of 
figure 9 and 10 exhibit the 882118 trend. The BmouTlfr of heat aworbed 
per pound crf fuel increereee eharply E+ the dietance between the 
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f lams holder and the preheater ia extended. From a mean of 80 Bbu 
per pound & fuel, the mount a€' heat absorbed by the fuel can be 
imreaeed t o  a mean ctf 120 Btu per pound of fuel, 8 rwe ctf 50 per- 
cent, if the  distance between flsme holder and meheater io changed 
from 0 t o  12 imhee. 

An indication UP the signifiaarme af the heat abeorbed by the 
fuel  may be obtained f r a n  a ucmprison w i t h  the f u e l  latent  heat of 
vaporization. The fuel uaed had a latent heat af vaporization ai? 
145 Btn per pound. The data i n  figure 10 therefore indicate that 
8 mssp of 55 percent of the latent  heat aP vaporization can be 
eupplied t o  the fuel at the zero p i t i o n  beheen the f lams holder 
and the preheater an8 a mean aP 83 ,percent aP the latent  heat of 
vaporization can be supplied t o  the fuel by the preheater if the 
&istame l a  izhcreaaed to 12 tnchee. 

I70 definite variation of canbution e9fluienuy with preheater 
position aould be setebllehed. In general, the cambution efficfency 
ranged frap 60 to 80 peroent . Apprarlmately the eane range of 
eff laiencfes was obtained vhen this flame holder vae wed with PO 
internal prehater inatalleb, in which cam the fuel mre preheated 
with a~ external ateam-heat exuhsnger (reference 4 ) .  



1. Between 55 and 83 percent of the latent heat Crp vapori- 
zation could be supplied t o  the fuel by the  preheater. 

2. At a given engine canUitlon, the amouPt ae heat added t o  
t h e  fuel  and therefore the final fuel tempratwe increased 88 the 
distance between flame holder and praheater was increaeed fKm 0 to 
8 inches . A further inorease t o  12 iMhes resulted In little 
improvement. 

3. For the codigurecticm iavestfgated, a p p r ” b l g  5 minutes 
af operation dter ignition f t ~ ~  required before a stable fuel tmnpr- 
ature waa attained  ( init ial  temperature, 63°f70). Thie time did 
not  appear depeqdent Q I ~  -heater position CYT ram-jet operating con- 
dition. The rate of fuel-temperature rue were msximumoimmediate~ 
after  ignition and a useful preheat temperature at? 200 B m 
approached within 2 minutee. 

4. The cdbustion  efflcienciee obtaineU a d  not appear t o  be 
affected by the presence of the prehetater mr by the fuel-preheater 
positim. 

5. The total-pressure W e  8cToBa the ocmbustlan ohamber WBB 
increased only 6.7 percent when the preheater was erddgd. 
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Hgure 1. - Sohenratio diagram of 20-inah-8iameter ram j e t .  
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Distance between preheater and f l a m e  holder, In. 
pisure 5. - Effect of preheater position on operable fuel-air- 

ratlo range, 
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(a) Fuel flow, 2200 pounds per hour; fuel-air ratio, 0.058 fO.OO1. 

Figure 6. - Effeot of preheater position on fuel-heating rate. 
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(0) Fuel flow, 2600 pbunds per hour; fuel-air ratio, 0.061 *0.001. 

F5-e 6. - Concluded. Effeof  of preheater positfon on mel- 
heating rate. 
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Figure 7. - Variation of ratio between r iae  in fuel. temperature to 
maximum rise in fuel temperature as function of heating t i m e .  
( A l l  data are within 2 6 percent of curve.) 
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0 4 8 12 
Dlstanoe between preheater and flame holder, in. 

Fl&e 8. - Effeot of preheater position on tlme required t o  attain . fuel temperature of ZOOo F. Inltial t eqera ture ,  63O *yo F. 
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temperaLee 
Figure 9. - Effect of preheater osition on range of final fael 
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Distance between preheater and flame holder, in. 
Figure 10. - Effeot of preheater position on heat absorbed by fuel. 
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